Ultra-small gold nanoclusters were synthesized via a ligand exchange method and deposited onto different TiO 2 supports to study their properties. STM imaging revealed that the as-synthesized gold nanoclusters had 2-D morphology consisting of monolayers of gold atoms. Subsequent XPS, XAFS, and CO oxidation TPD results indicated that heat treatments of gold clusters at different temperatures significantly altered their electronic and catalytic properties due to ligand deprotection and cluster agglomeration.
Introduction
Metal nanoclusters (NCs) are very promising catalysts for a number of different applications. 1-6 For many years, bulk Au was considered to be inert and therefore an ineffective material for catalytic applications. However, this notion has substantially evolved following the discovery of the Au size-effect, where Au particles of few nm in size were shown to exhibit catalytic activity. [7] [8] [9] Reducing the Au size to even smaller dimensions appears to be the next logical step in exploring its chemistry. It was previously reported that the catalytic activity of supported Au NCs depends on the number of Au atoms contained in the NC. [10] [11] [12] Therefore, a more granular knowledge of the size effect of Au NCs is needed to tune their unique properties to facilitate chemical reactions. 1, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] In addition to the size, the geometry of these NCs may prove to be another important parameter to tune their properties, given that the coordination of Au atoms and the NC electronic structure are shape dependent, especially for sub-nm dimensions 24, 25 It is also important to note that the shape of supported NCs is often an overlooked parameter in the published literature, where the size of NCs is used as a primary factor to explain their catalytic activity. Unfortunately, despite impressive advances in microscopy techniques, a reliable determination of the Au NC shape as a size-averaged parameter still remains a challenge. 22, 26, 27 In addition to describing challenges in NC characterization, it is also important to outline different approaches to their synthesis. 1, 11, [28] [29] [30] [31] [32] Among several synthetic methods, the sizeselected cluster (SSC) approach is the one providing a very good control over the cluster size, while producing extremely clean NCs under ultra-high vacuum (UHV) conditions. Importantly, this approach has an advantage over other methods of NC synthesis, given that the clusters produced via the SSC method can be characterized in situ during the synthesis. 33, 34 The size selected approach also has disadvantages as compared to more traditional chemical synthesis methods. For example, the SSC method is regarded as being much less scalable and more difficult to use for NC deposition onto complex threedimensional substrates as compared to the alternative methods. In addition to consideration of the cluster size, it is also important to highlight the effect of surface modification on the catalytic activity. The synthetic methods achieving a good control over the cluster size often utilize ligands or surfactants to control the size of clusters during the chemical synthesis of NCs. Such a control over the cluster size also has notable disadvantages as ligands and surfactants can block active sites on supported NC surfaces, thereby requiring additional treatment to activate them for catalytic applications. Therefore, developing scalable methods of the synthesis of NCs, while understanding and optimizing both the cluster size and surface coverage/ deprotection, is an important topic of research.
In this work, Au NCs were synthesized via a ligand exchange method using diphosphine ligands and deposited onto both TiO 2 single crystals and powder supports to understand their behavior in model and practical catalytic systems. The supported Au NCs were subjected to heat treatments at different temperatures based on a published protocol for the activation of supported ligand-protected Au clusters. 16, [35] [36] [37] The Au NCs supported on single crystals were imaged using a scanning tunneling microscope (STM). Additionally, X-ray photoelectron spectroscopy (XPS), temperature-programmed desorption (TPD) for CO oxidation, and in situ X-ray absorption fine structure (XAFS) spectroscopy including both X-ray absorption near edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) spectroscopies were utilized to examine the evolution of Au NCs as a function of temperature. The novelty of this work is in the utilization of distinct ligand-protected clusters coupled with comprehensive elucidation of their properties using a combination of microscopy and spectroscopy techniques.
Experimental

Synthesis and deposition of Au NCs
Au NCs were synthesized following procedures developed by our group, which were based on modification of the previously published ligand exchange approach. 2,3,31 Briefly, Au(PPh 3 )Cl was dissolved in CHCl 3 to reach a final concentration of 10 À3 mol L À1 . About 10 À3 mol L À1 P(PPh) 2 (CH 2 ) 4 P(PPh) 2 was then added to the mixture to achieve the target cluster size. Finally, 5 Â 10 À3 mol L À1 of the reducing agent (NaBH 4 ) was added under continuous stirring for 24 hours at room temperature to produce the Au NC suspension. The as-synthesized Au NC suspension was characterized using UV-Visible spectroscopy (Thermo Evolution 300) and matrix-assisted laser desorption/ ionization-time of flight mass spectroscopy (MALDI-TOF MS, Bruker AutoFlex II system). To deposit Au NCs onto the TiO 2 single crystal (rutile, 110), the Au NC suspension was transferred to a manifold and degassed. The manifold was then connected to the load lock chamber of the UHV system. Deposition was controlled through an electromagnetic pulse valve (Parker). To deposit 2.5 wt% Au NCs onto TiO 2 (rutile) powders, about 200 mg TiO 2 was added to 20 mL of dichloromethane, followed by addition of the Au NC suspension. The mixture was then stirred overnight to evaporate the solvent.
UHV experiment
STM imaging was carried out using a RHK STM 5000 microscope operating in a constant current mode. The TiO 2 single crystal was first treated according to an Ar + sputtering-annealing cleaning procedure to reach atomically flat and clean surfaces, as confirmed by STM images. Au NCs were then deposited onto the TiO 2 single crystal located in the load lock chamber via an electromagnetic pulse valve (Parker). After the deposition, the Au NC modified TiO 2 single crystal was again imaged using the STM. After heating the sample at different temperatures (300 K, 373 K, 423 K, and 523 K) for 30 min, the surfaces were characterized using XPS and TPD. XPS measurements were carried out using a hemispherical electron energy analyzer with X-rays generated by a non-monochromatic Al Ka (1486.6 eV) source. Analysis of the XPS spectra was performed using the XPSPEAK version 4.1 software. The Ti 2p 3/2 signal at 458.5 eV was used to calibrate the energy scale to which all the measured binding energies were adjusted, with the Shirley background applied to all spectra. 13 C labeled 13 CO was used in the TPD experiment in order to exclude the interference of CO 2 present in the chamber, which also includes CO 2 originated from the oxidation of surface contaminants. The TPD experiment was conducted as following: firstly, the sample was cooled to 90 K using liquid N 2 , then O 2 was dosed at 10 À5 Torr and 90 K for 15 minutes following by the sample exposure to 13 CO at 4 Â 10 À5 Torr for 15 minutes. Large exposure of gases was performed here in order to ensure the saturation coverage. Meanwhile, it has been shown that, for the Au catalyst for the CO oxidation reaction, the order of exposure of reactant gases does not change the activity. 32 The sample was then heated to different target temperatures at a ramping rate of 30 K min À1 . The upper temperature for the TPR experiment was set to be equal to the heat treatment temperature. The rational for such temperature selection was based on consideration of NC stability during the CO oxidation experiment. During the TPD experiment, the desorbed species were detected using a quadrupole mass spectrometer (MS). Measurements of catalytically produced 13 CO 2 were based on the ''m/z = 45'' signal.
In situ XANES measurement
In situ XAS measurements were performed at Beamline Â18B (NSLS, Brookhaven National Laboratory). The Au L 3 edge spectra of 2.5 wt% Au/TiO 2 catalysts were collected in the fluorescence mode. The sample powders were pressed into pellets and mounted into a custom-designed and -built catalyst cell. Subsequently, He gas was introduced to the cell using a mass flow controller. Spectra were collected upon different heat treatments. Fig. 1a shows the STM image of a clean TiO 2 (110)-(1 Â 1) surface. The image indicates the presence of terraces with a width of a few hundred Å and steps with a height of B3 Å, which is consistent with the expected step height for a rutile(110)-(1 Â 1) surface described in the literature. 34, 38 Fig. 1b shows the STM image of a clean TiO 2 surface at a higher magnification. The alternating bright and dark lines correspond to 5-fold coordinated Ti atom (5c-Ti) rows and bridging oxygen rows, respectively. The separation of B6.5 Å between neighboring Ti atom rows is also consistent with the published literature. 34, 39 Following the imaging of the TiO 2 (110)-(1 Â 1) surface, it was modified with Au NCs, which were delivered via an electromagnetic pulse valve. Fig. 2a -c show the STM images of an Au NC modified TiO 2 surface at different magnifications.
Results and discussion
At low magnification ( Fig. 2a) , the Au NCs appeared as uniform particles with the width of B2 nm. However, higher magnification images ( Fig. 2b and c, and Fig. S1 in ESI †) reveal that these particles were formed from smaller Au NCs. It is worth noting that the results described above suggest that this method of deposition is promising for producing high coverage layers of small size of NCs, which is often a challenging task for traditional deposition approaches. The height and width distributions of Au NCs based on Fig. 2b are presented in Fig. 2d . The average height and width of the supported Au NCs were about 1.6 Å and 6.5 Å, respectively. A typical line scan of two Au NCs is shown in Fig. S2 , ESI. † Given these dimensions, one may conclude that the Au NCs consisted of one atomic layer of B10 Au atoms. Such a conclusion agrees well with our previous work showing that the Au NCs synthesized via this ligand exchange approach contain 8-11 Au atoms. 2 The uniformity of the synthesized Au NCs was also confirmed using UV-Visible spectroscopy and MALDI-TOF mass spectroscopy as shown in Fig. S3 , ESI. † Furthermore, our previous published theoretical calculations (insert of Fig. 2d ) have shown that one of the optimized geometries of Au NCs consisting of 11 Au atoms has only one layer of Au atoms. 3 In order to benchmark our results against the already available literature, we analyzed the published studies on Au NCs containing B10 Au atoms. Although these studies proposed several stable geometries of Au NCs containing B10 Au atoms, one has to be careful in directly comparing them to our work, given that characterization approaches and synthetic methods described in the literature were quite different from ours. [13] [14] [15] [19] [20] [21] [22] 30, 40, 41 For example, in one such study, Al Qahtani et al. utilized electron microscopy and computational approaches to study the structure of Au NCs consisting of 9 Au atoms. 22 Although the geometry proposed in Al Qahtani's study was consistent with the model proposed here, it is also important to note that our STM data are more representative of the shape of NCs as compared to that deduced from TEM results. 22 Following the STM imaging, the samples were characterized using XPS. Fig. 3a shows the Au 4f XPS spectrum of the as-deposited Au NCs. This spectrum could be fitted with only one doublet, indicating a fairly uniform chemical state of Au NCs. The binding energy of the Au 4f 7/2 electron was 86.1 eV, which is higher than both the value of 84.0 eV characteristic of bulk Au and the value of 85.6 eV of the precursor gold complex. 42 Literature analysis indicated that the shift can be explained by different factors, including the high oxidation state of clusters and their small size, 18, 43 and clustersubstrate and cluster-ligand interactions, leading to a cluster charge. 16, 17, 22 In our case, the small size effect should be the least significant factor in explaining the 1.6 eV shift from the binding energy of metallic gold, given that the literature described binding energy of the Au 4f 7/2 electron of ligandfree Au clusters consisting of only 2 Au atoms was only 84.8 eV. 18 In addition to the importance of ligand-cluster interactions to explain the observed shifts, cluster-support interactions should also be considered. For example, published data show 2-D Au NCs consisting of 11 Au atoms would have strong interaction with the TiO 2 substrate, resulting in a shift of the binding energy of the Au 4f 7/2 electron towards higher binding energy. 16 Finally, the contribution of the high oxidation state of Au should be considered in explaining our data as discussed later in the text.
Following the XPS study of the as-deposited Au NCs, the samples were then subjected to different heat treatments to study the evolution of Au NCs. Fig. 2b-d show the Au 4f XPS spectra of Au NCs exposed to heating cycles at 3 discrete temperatures of 373 K, 423 K, and 523 K. The rationale for choosing these temperatures and a holding time of 30 min is explained in the Experimental Method section in the ESI. † It can be clearly seen that Au NCs undergo significant evolution upon heat treatment. More specifically, heating the samples at 373 K for 30 min resulted in the appearance of a new chemical state of Au as indicated by green lines in Fig. 3b . In order to Fig. 3c . Such disappearance indicates a complete removal of ligands at this temperature, which is also consistent with the published literature. 37 Further heating at 523 K for 30 min resulted in the appearance of a doublet at an even lower electron binding energy of 84.1 eV as indicated by the blue line in Fig. 3d . Given that this binding energy is very similar to that of bulk Au, it suggests the complete reduction of Au species and formation of larger Au particles with properties approaching those of bulk gold. The changes in C and P species were also examined. Fig. S4 in the ESI † shows the C 1s and P 2p XPS spectra of the samples upon heat treatment at different temperatures. No significant changes in C 1s and P 2p spectra as compared to those in Au 4f spectra were observed, indicating that diphosphine ligands remained on the surface after removal from the Au cluster. This conclusion also agrees with the published study where temperatures higher than 523 K were needed to vaporize the diphosphine ligands. 37 STM imaging of samples subjected to heat treatment was also attempted as a part of our characterization efforts. The STM images of the sample heated at 373 K, 423 K, and 523 K are shown in Fig. S5 and S6 in the ESI. † Although the image contrast was not sufficient to conduct reliable statistical analysis of size distribution, Au NCs with the above-mentioned size and geometry still can be seen in the sample heated at 423 K (Fig. S5, ESI †) . Furthermore, the presence of large particles with a diameter of B8.6 nm ( Fig. S6b and S6d, ESI †) in the sample heated at 523 K confirmed the formation of larger Au particles with properties approaching those of bulk gold. The reduction and growth of Au NCs upon heating were then confirmed using in situ XAFS. Fig. 4 shows the Au L 3 edge XAFS spectra of the as-deposited Au NCs supported on TiO 2 and that of the heat-treated sample, plotted along with the spectrum of a standard bulk Au foil. The absorption edge intensity in the XANES spectra near the main edge maximum (also known as the white line) is proportional to the empty 5d electron density. In other words, the higher the Au oxidation state, the higher the white line intensity. It can be clearly seen that the heat treatment reduced the Au species as the white line intensity decreased toward that of the Au foil (Fig. 4a ). Careful analysis of the spectra revealed that the white line intensity of the heated sample was only slightly higher than that of the standard bulk Au foil, indicating that the chemical state of Au species heated up to 523 K was very close to that of the bulk Au foil. This observation was also consistent with the XPS data ( Fig. 3d) , where the binding energy (84.1 eV) of the Au 4f 7/2 electron was very close to that of bulk Au (84 eV). In the EXAFS region, it can be clearly seen that the local environment of Au atoms in the as-deposited Au NCs is very different from that in the bulk Au 
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Phys. Chem. Chem. Phys. foil (Fig. 4b ). Theoretical fitting results indicated that the average Au-Au coordination number (CN) for the as-deposited Au NCs was 5.4, which is expected for small clusters consisting of B10 atoms. 44 After heating treatment at 523 K, the local environment of Au atoms in the sample became similar to that in the bulk Au foil (Fig. 4b) . Theoretical fitting results also indicate that the average Au-Au CN increased to 10.6 after heating treatment. Such an increase in Au-Au CN suggests the formation of large Au particles, which is consistent with our XPS results. For details of theoretical fitting results of EXAFS data, see Fig. S7 and Table S1 in the ESI. † The overall conclusion from the XAFS analysis, derived from both XANES and EXAFS data, is that the results confirmed the reduction and growth of Au NCs upon heating in line with the XPS and STM results.
In order to evaluate the catalytic activity of heat treated Au NCs, CO oxidation TPD experiments were conducted for samples treated at several different temperatures. The upper temperatures for the corresponding TPD experiments were set as the same as the heat treatment temperatures. Fig. 5 displays the TPD results for CO 2 ( 13 CO 2 , m/z = 45) originating from CO oxidation on the as-deposited and heat-treated samples. The as-deposited Au NCs did not show CO oxidation activity within the temperature range of 110-300 K. This result was consistent with reports showing the absence of CO oxidation activity up to the temperature of 473 K 45,46 on ligand-protected Au clusters deposited on TiO 2 . In contrast to the as-deposited NCs, the samples heated at 373 K for 30 min exhibited CO oxidation activity (Fig. 5b) . The broad feature in the temperature range of 130-373 K in Fig. 5b indicates the presence of more than one active site for CO 2 formation and/or reaction pathways as described below. Importantly, the activity of NCs for CO oxidation coincides with the onset of ligand removal, as deduced from XPS results discussed earlier. Further heating at 423 K resulted in several well-defined TPD features (Fig. 5c ). These features include two distinct peaks at 200 K and 330 K indicating two different active sites for CO 2 formation and/or reaction pathways. Fig. 5d shows the TPD results for the sample treated at 523 K. The low temperature CO 2 desorption peak shown in Fig. 5c disappeared from the TPD spectrum shown in Fig. 5d , with the appearance of a high temperature CO 2 desorption peak starting at 430 K. In order to explain these results, it is important to correlate these data to the one in the published literature. More specifically, the published literature describes several CO oxidation reaction pathways over TiO 2 supported Au catalysts, [47] [48] [49] [50] [51] with a particular emphasis being placed on different origins of active oxygen species. For example, recently Widmann et al. suggested that the active oxygen species in low temperature CO oxidation are originated from the absorbed molecular oxygen while those at high temperature originated from lattice oxygen in the support oxide. 52 In both cases, the Au/TiO 2 interface plays an important role. As described in the literature, at low temperature (typically below 150 K), molecular oxygen is adsorbed and activated at the perimeter of the Au/TiO 2 interface. Subsequently, CO adsorbed on either Au or TiO 2 can react with activated oxygen to form CO 2 . 49, 50 In contrast to the low temperature scenario of dissociated oxygen, at high temperature (typically above 353 K), the lattice oxygen atoms located at the perimeter of the Au/TiO 2 interface can react with the CO adsorbed on Au. 53 As a result of this reaction, oxygen vacancies are generated following the desorption of CO 2 and replenished through interaction with oxygen gas. 47, 48, 53 It is important to highlight several other differences in reaction pathways at low and high temperatures. While CO 2 formation from CO is considered to be the only reaction pathway at low temperature, 49 the formation of other species, such as carbonates and bicarbonates, has been reported to take place at high temperature. 53, 54 Carbonate-like species have been proposed as important CO oxidation intermediates, which then can form CO 2 at higher temperature. [53] [54] [55] Given the pathways described above, our results indeed indicate different pathways for CO oxidation at different temperatures. The low temperature CO 2 desorption peak starting at 200 K (Fig. 5c ) corresponds to CO 2 formation and desorption resulting from the activated molecular oxygen pathway. In contrast, the high temperature CO 2 desorption peak starting at 330 K corresponds to the formation and desorption of CO 2 resulting from the activated lattice oxygen pathway involving either a direct formation of CO 2 and/or an indirect formation via decomposition of carbonate-like species. Meanwhile, the disappearance of the low temperature CO 2 desorption peak during the heating up of the sample to 523 K (Fig. 5d ) indicates that the ability of Au/TiO 2 to catalyze CO 2 oxidation through the activated molecular oxygen pathway was inhibited due to the high temperature sample treatment. Furthermore, the shift of the high temperature CO 2 desorption peak ( Fig. 5d ) from 330 K to 430 K indicates the possible formation of various carbonate-like species, which was confirmed using XPS (Fig. S8, ESI †) , that decompose and form CO 2 at temperature higher than that encountered during the direct CO oxidation through the activated lattice oxygen pathway. In addition to the role of oxygen to explain various pathways of CO 2 formation, it is also important to highlight the importance of ligand removal for Au NC activation. As shown in Fig. 5a , the as-deposited Au NCs did not exhibit CO oxidation activity, indicating that the ligands probably inhibit the interfacial chemistry of Au/TiO 2 for both low and high temperature oxygen activation pathways, such as molecular oxygen and lattice oxygen atom mechanisms, respectively. The ligands might also prevent CO adsorption and activation. [56] [57] [58] The importance of Au NP deprotection to oxidize CO has been examined in a recent study by Wu et al., which indicated that Au NCs containing 22 Au atoms protected by similar diphosphine ligands had mild CO oxidation activity, although the authors also implied that not all the atoms in the NCs were coordinated with ligands and that such uncoordinated Au atoms are essential for catalyzing CO oxidation. 37 In our case, considering that NCs contained around 10 Au atoms, almost every Au atom was coordinated to ligands and thereby exhibited no catalytic activity for CO oxidation. Furthermore, considering the diphosphine ligands possibly stayed on the surface after heat treatments ( Fig. S4 (ESI †) and discussion above), the observed activity of Au NCs for CO oxidation indicated that the deprotection of Au NCs was probably more critical than other factors for catalytic application of Au NCs. Given all the above mentioned observations, it is plausible to suggest that removal of ligands is a necessary step to activate Au NCs for CO oxidation.
Conclusions
In conclusion, we successfully synthesized Au NCs through a ligand exchange approach. Detailed characterizations were carried out to study the morphology and electronic properties of these Au NCs. The impact of heat treatment on Au NCs was examined using XPS, in situ XAFS, and CO oxidation TPD techniques. We have shown that removal of ligands via heat treatment at intermediate temperatures is a critical step to activate very small Au NCs to induce their catalytic activity. However, high temperatures can result in coarsening of Au NCs to form bulk-like large particles, which exhibit lower catalytic activity for CO oxidation as compared to that for smaller particles.
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